| www.nature.com/naturematerials I n 2004, the isolation of graphene on an insulating surface 1 gave birth to a new era of atomically thin materials in solid-state electronics, which ultimately led to the search for additional twodimensional materials 2 . The emergence of both structural and electronic variety in van der Waals (vdW)-bonded layered materials has opened new avenues for fundamental scientific studies and applied device designs. As a consequence, several combinations of distinct 2D layers have been assembled to create vdW heterostructures with varying functionalities [3] [4] [5] [6] [7] [8] . These all-2D vdW heterostructures offer unique properties such as gate-tunability, imbuing them with potentially new functionality compared with conventional devices, as summarized in several recent reviews [9] [10] [11] . But it remains a challenge to produce entire families of 2D materials and their heterostructures over large areas with high electronic quality. Furthermore, control of doping type, carrier concentration and stoichio metry remain outstanding challenges for most 2D materials, limiting the scope and progress of all-2D vdW heterostructures 2, 11, 12 . Van der Waals interactions are not limited to interplanar interactions in layered materials. Indeed, any passivated, dangling-bondfree surface interacts with another by vdW forces. Consequently, any layered 2D material can be integrated with an array of materials of different dimensionality to form mixed-dimensional vdW heterostructures. Such combinations of 2D + nD (n = 0, 1 and 3) materials have begun to emerge and represent a much broader class of vdW heterostructures for further study. In this Review, we present a survey of mixed-dimensional vdW heterostructures, with particular emphasis on their applicability in solid-state devices. We first present a general categorization of mixed-dimensional heterostructures and introduce the classes of materials involved. We then discuss the physics of charge transport and band alignments at mixed-dimensional interfaces, while also highlighting the relevant chemistry and synthetic routes. Finally, we discuss the applications of mixed-dimensional heterostructures in the context of solid-state devices and present an outlook on their future integration into mainstream technologies.
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n 2004, the isolation of graphene on an insulating surface 1 gave birth to a new era of atomically thin materials in solid-state electronics, which ultimately led to the search for additional twodimensional materials 2 . The emergence of both structural and electronic variety in van der Waals (vdW)-bonded layered materials has opened new avenues for fundamental scientific studies and applied device designs. As a consequence, several combinations of distinct 2D layers have been assembled to create vdW heterostructures with varying functionalities [3] [4] [5] [6] [7] [8] . These all-2D vdW heterostructures offer unique properties such as gate-tunability, imbuing them with potentially new functionality compared with conventional devices, as summarized in several recent reviews [9] [10] [11] . But it remains a challenge to produce entire families of 2D materials and their heterostructures over large areas with high electronic quality. Furthermore, control of doping type, carrier concentration and stoichio metry remain outstanding challenges for most 2D materials, limiting the scope and progress of all-2D vdW heterostructures 2, 11, 12 .
Van der Waals interactions are not limited to interplanar interactions in layered materials. Indeed, any passivated, dangling-bondfree surface interacts with another by vdW forces. Consequently, any layered 2D material can be integrated with an array of materials of different dimensionality to form mixed-dimensional vdW heterostructures. Such combinations of 2D + nD (n = 0, 1 and 3) materials have begun to emerge and represent a much broader class of vdW heterostructures for further study. In this Review, we present a survey of mixed-dimensional vdW heterostructures, with particular emphasis on their applicability in solid-state devices. We first present a general categorization of mixed-dimensional heterostructures and introduce the classes of materials involved. We then discuss the physics of charge transport and band alignments at mixed-dimensional interfaces, while also highlighting the relevant chemistry and synthetic routes. Finally, we discuss the applications of mixed-dimensional heterostructures in the context of solid-state devices and present an outlook on their future integration into mainstream technologies.
Structure, physical properties and fabrication
Although mixed-dimensional vdW heterostructures have been investigated over the past two decades in organic photovoltaics and light-emitting diodes, the focus here is on combinations involving at least one 2D component (Fig. 1a) . In earlier examples of mixed-dimensional vdW heterostructures prior to the advent of 2D materials, the interface was often extremely complex and poorly defined, making it difficult to quantify the active junction area and 
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The isolation of a growing number of two-dimensional (2D) materials has inspired worldwide efforts to integrate distinct 2D materials into van der Waals (vdW) heterostructures. Given that any passivated, dangling-bond-free surface will interact with another through vdW forces, the vdW heterostructure concept can be extended to include the integration of 2D materials with non-2D materials that adhere primarily through non-covalent interactions. We present a succinct and critical survey of emerging mixed-dimensional (2D + nD, where n is 0, 1 or 3) heterostructure devices. By comparing and contrasting with all-2D vdW heterostructures as well as with competing conventional technologies, we highlight the challenges and opportunities for mixed-dimensional vdW heterostructures.
consequently the physical properties associated with the junction. In addition to the complex geometry, the junction interface is physically and electronically buried in most examples that do not involve 2D materials, such as organic heterojunctions 13 and composites of nanowires or nanotubes 14 with 3D or 0D materials. In contrast, a continuous, atomically thin sheet of material presents a betterdefined interface geometry that is amenable to quantitative characterization. Furthermore, the low density of electronic states and lower values of relative permittivity in 2D materials (as compared with the bulk) render them semi-transparent to applied electric fields normal to the 2D plane. Consequently, the junction interface can be modulated as a function of an applied gate voltage, leading to fundamentally new device phenomena in addition to providing another knob for tuning device properties.
Hence, we discuss here three distinct mixed-dimensional hetero structure geometries, namely 2D-0D, 2D-1D and 2D-3D (Fig. 1b-d) . The 2D components such as graphene, hexagonal boron nitride (h-BN) and transition-metal dichalcogenides (TMDCs) (Fig. 1a) have been thoroughly investigated 2, 9, 10, 12, 15, 16 . The class of 0D materials primarily consists of fullerenes 17 , small organic molecules 18 and quantum dots 19 , while the 1D class includes semiconducting single-walled carbon nanotubes (SWCNTs; ref. 20) , semiconducting organic polymers 18 and inorganic semiconductor nanowires 21 . Finally, our discussion of the 3D materials class will focus on crystalline bulk Si, Ge, III-V and II-VI semiconductors as well as semiconducting amorphous oxides (such as indium gallium zinc oxide (IGZO) 22 and amorphous Si). Figure 2 depicts examples of each materials class.
still affected by trap states that originate in substitutional defects and charged impurities within the atomic layer 23 . Similarly, disorder, contamination and charged impurities in the overlying or underlying layers can induce interface states, unless they are effectively screened 23 . At strongly bonded interfaces, sufficient hybridization of atomic orbitals exists to permit carrier delocalization; this hybridization enables charge transfer across the interface, resulting in band bending and formation of a built-in potential. In contrast, for materials interacting solely through vdW forces, the atomic and molecular orbitals on the surface and edges are completely saturated, and thus the orbitals at the interface do not undergo hybridization. Therefore, the out-of-plane carrier mobility is typically lower than the in-plane one, which minimizes delocalization of carriers and diffusive transport across the vdW interfaces 24, 25 . Charge transfer, however, still occurs through tunnelling or hopping. The net effect is that conventional interfacial concepts (such as depletion regions), which are based on carrier diffusion models 26 , need to be reconsidered for vdW heterostructures. Furthermore, in vdW-bonded materials (such as organic molecules and polymers), charge carriers are often described as a combination of electronic charge coupled with nuclear distortion (for example polarons). Therefore, at organic/2D interfaces, the interfacial transport often involves hopping of charges from polaron states in organic materials to free carrier states in crystalline 2D materials 27, 28 . Mixed dimensionality further contributes to interfacial disorder, particularly in the 2D-0D and 2D-1D cases, since 1D and 0D materials commonly exist in film form 20, 29 with imperfect ordering, resulting in an ensemble of nanoscale heterojunctions as opposed to an electronically homo geneous 2D interface.
Fabrication.
Assembly of disparate materials with precise control over interfacial properties is critical to the operation and performance of solid-state devices. Mixed-dimensional vdW hetero structures present unique challenges and opportunities in this regard. Unlike bulk inorganic or all-2D vdW hetero structures (where all components can be grown in the same reactor by switching precursors in a single growth process), the synthesis of two materials with disparate atomic arrangements and ranges of thermal stability in a single process is exceedingly challenging. Therefore, most mixed-dimensional vdW heterostructure examples involve the deposition or synthesis of the more thermally and chemically stable component, followed by deposition of the less stable component.
For the case of 2D-organic semiconductor hetero junctions, the 2D material is invariably synthesized first, followed by thermal evaporation of small organic molecules 30 or spin/dip-coating of polymeric materials from solution 28 . Solution-phase layer-by-layer assembly or wet transfer techniques have also been used for 0D quantum dots 31, 32 and 1D carbon nanotubes 33, 34 . Conversely, 2D-3D heterostructures typically require growth or transfer (either dry or wet transfer using a polymer support, which is then dissolved) of the 2D material on top of the bulk 3D semiconductor. [39] [40] [41] . Layered crystals that are both chemically and mechanically stable can be synthesized by this route directly on a 0D, 1D, 2D or 3D solid 39, 42 and even liquid interfaces 40, 43 . They can also be mechanically exfoliated into individual sheets on 3D surfaces 39, 41 , in contrast to the solution assembly techniques discussed above.
With the synthetic and assembly advances described above, mixed-dimensional vdW heterostructures have been successfully demonstrated in multiple classes of solid-state devices including logic devices, photodetectors, photovoltaics and light-emitters. In each case, the integration of a 2D material with a non-2D material has resulted in notable advances, either in performance or function. The remainder of this Review focuses on critically reviewing these developments by device class. We will highlight current best practices, advantages and limitations in each case, and draw relevant comparisons with corresponding all-2D vdW heterostructures as well as competing state-of-the-art technologies. . Lowdimensional materials hold promise for shrinking device dimensions to the molecular scale 29 . For example, considerable effort has been devoted to organic 18 and molecular 44 electronics, as well as the (more recent) integration of 2D materials with organic semi conductors; although promising, these approaches have not yet managed to compete favourably with conventional silicon electronics.
The basal planes of 2D atomic crystals provide atomically flat and inert surfaces, ideal for ordered self-assembly of organic small molecules 30 . In particular, the isolation of atomically thin graphene and h-BN on insulating substrates has permitted their integration with organic small molecules to create functional devices. Using 2D h-BN as a substrate (Fig. 3a) , crystalline submicrometre-thick films of rubrene have been templated, thereby enabling the fabrication of high-performance organic FETs (OFETs) with carrier mobilities exceeding 10 cm 2 V -1 s -1 (refs 45-47) . Prior to this templated growth, this level of performance in organic small molecules was only possible in large (millimetre-size) single-crystal samples. Graphene has played a similar role for electrical contacts, wherein the highly delocalized graphene electronic structure leads to preferential face-on stacking for most π-conjugated organic small molecules ( Fig. 3b ) 48, 49 . Both graphene [50] [51] [52] and graphene-coated metals 53 have been used in pentacene FETs, each resulting in mobility increases ranging from 10-fold to 100-fold owing to improved carrier injection. Solution-phase ordered assembly of small organic molecules on graphene has also been achieved 52, 54, 55 and has been successfully used for high-yield liquid-phase exfoliation of layered crystals 56, 57 . Furthermore, solution-based blends of semiconducting polymers and small molecules with graphene 58 and MoS 2 (ref. 59 ) have achieved higher crystalline order in the channel, affording mobility increases ranging from 5-fold to 100-fold.
In addition to enhancing OFET performance, templated organic semiconductor films atop 2D crystals are useful in other designs of field-effect devices. For instance, since graphene incompletely screens vertically applied gate electric fields, a vertical stack of graphene/organic/metal on a back-gated insulator can be operated as a FET using out-of-plane carrier transport. This vertical FET (v-FET) geometry solves a long-standing problem of scaling down OFETs to submicrometre channel lengths, ultimately leading to OFETs with simultaneously high on-current densities and high on/offcurrent ratios (Fig. 3c ) 60 . In a v-OFET, the gate electric field allows modulation of the Fermi level in both the graphene electrode and the organic semiconductor, resulting in simultaneous increase (decrease) of barrier height and increase (decrease) in barrier width in the off (on) states. Vertical OFETs have been demonstrated with p-type small organic molecules 60 , n-type fullerenes 61 and conjugated polymers 62 , thus enabling complementary electronic circuits 62, 63 . The v-FET concept originated in all-2D graphene/TMDC/metal (graphene) heterostructures 5, 7 and was subsequently extended to other passivated semiconductor surfaces, including organics and amorphous oxide semiconductors (AOSs) 64 . Since AOS thin films can be deposited over arbitrary substrates by solution-based or sputtering methods, large arrays of IGZO v-FETs have been demonstrated with CVD graphene electrodes 65, 66 . However, AOSs have much higher relative permittivity than organic semiconductors, and thus the current modulation is achieved solely from tuning the graphene Fermi level and consequently the Schottky barrier height.
The tunability of the Schottky barrier height with a graphene contact was the precursor to the above discussion on v-FETs. This concept was first demonstrated in junctions of graphene with hydrogen-passivated Si, giving rise to the concept of field-effect (that is, gate-tunable) Schottky barriers or barristors 67 . Most prominently, a nearly ideal Schottky diode behaviour was observed when CVD graphene was integrated with hydrogen-passivated p-type Si. In this case, the graphene/p-Si Schottky barrier height is gate-tunable, yielding current on/off ratios of ~10 5 under forward bias, which is suitable for digital logic applications (Fig. 4a) 
67
. The barristor concept has subsequently been extended to organic semiconductors such as pentacene 68 . The above discussion has been limited to graphene as a gate-tunable 2D contact in Schottky barrier or v-FET devices. However, mixeddimensional p-n heterojunctions have also recently been fabricated and used for logic applications. In this case, graphene is replaced with a TMDC monolayer, as in the early example of a gate-tunable p-n heterojunction based on p-type semiconducting SWCNTs and n-type single-layer MoS 2 (ref. 34 ). This device shows tunability in the rectification ratio by over five orders of magnitude in addition to exhibiting a unique anti-ambipolar transfer response (Fig. 4b) . The change in the polarity of the transconductance in the anti-ambipolar transfer response enables applications in analog circuits such as frequency multipliers and keying circuits that are widely used in modern wireless communication technology 33, 34 . The anti-ambipolar response has been further generalized to other semi conductor systems such as AOSs 33 and organic small molecules 69, 70 . A single global gate in these p-n heterojunctions induces the same carrier type in all of the vertically stacked layers. Hence, it is difficult to form high doping levels on both sides of the p-n heterojunction unless one component is heavily doped in equilibrium. Toward this end, the doping level in 3D semiconductors can be precisely controlled by substitutional dopants. Therefore, gate-tunable 2D-3D p-n heterojunctions 71, 72 present a unique opportunity to realize highly doped p-n heterojunctions and resonant tunnelling devices for logic applications. A noteworthy recent example is a p-n heterojunction based on heavily doped p-Ge and bilayer n-MoS 2 (Fig. 4c) . Upon gating the MoS 2 into the highly n-type doping regime, direct tunnelling occurs from the Ge valence band to the MoS 2 conduction band (Fig. 4d) , resulting in a subthreshold swing below 60 mV dec −1 at room temperature. Modulation of the insulating tunnel barrier height by biasing the sandwiched 2D material also allows exponential control over tunnelling currents. This principle has been applied to hot electron transistors (HETs) based on 2D-3D heterojunctions 73 to achieve high and low conductance states. HETs are three-terminal (that is, emitter, base and collector) heterostructure devices where the 2D material (base) is sandwiched between ultrathin insulating tunnel barriers (Fig. 5a ). The emitter is typically a doped 2D semiconductor, while the collector is a 3D metal. A voltage applied to the base allows control over electrons tunnelling from the emitter to the collector (Fig. 5b) . HETs using a graphene base and heavily doped Si were the first to be proposed 74 and then demonstrated 75 . Although early designs lacked a high on-state conductance and current gain (that is, ratio of collector to emitter current), the issue of low gain was recently resolved by using CVD-grown MoS 2 as the base material 76 . However, low on-state currents still prevent high-frequency operation, although using bilayer oxide tunnel barriers leads to significant improvements 77 . The structure and operating principle of HETs is similar to that of heterojunction bipolar transistors with early HETs comprised of insulators sandwiched between metals 78 . Since both conventional HETs and heterojunction bipolar transistors possess cut-off frequencies limited by the base transit time, atomically thin base materials hold considerable promise for the future. With simulated cut-off frequencies in the few terahertz regime 73 , effectively integrating 2D materials into these device concepts may enable them to be competitive with high-electron-mobility transistors that are currently widespread in wireless communication technologies. Tunnel barriers are similarly important for logic devices using alternative state variables, such as spin. Spin injection in semiconductors has been conventionally achieved using tunnel barriers at the ferromagnetic metal contacts to accommodate the large difference in conductivity between the metal and semiconductor. For example, AlO x and MgO have previously been used as tunnel barriers but suffered from trapped charges and interlayer diffusion issues. In contrast, graphene offers ideal impermeable barriers between ferromagnetic metals and bulk semiconductors 79 . The relatively poor graphene out-of-plane versus in-plane conductivity creates a smooth transition between the ferromagnetic metal and semiconductor, yielding a resistance-area product that is three orders of magnitude lower than oxide tunnel barriers. The net result is roomtemperature spin injection and extraction in NiFe-graphene-Si heterojunctions (Fig. 5c) . Further exploiting this phenomenon in Si nanowires results in clean magnetic switching characteristics in spin-valve devices 80 .
Light-sensing, light-harvesting and light-emitting devices
The previous section primarily focused on electronic transport phenomena and applications of mixed-dimensional vdW heterostructures. However, as mixed-dimensional vdW hetero structures tend to have higher optical absorption cross-sections than all-2D vdW heterostructures, applications in optoelectronics and photonharvesting technologies are also promising. Recent examples of mixed-dimensional vdW heterostructures in photodetector, photo voltaic and light-emitting applications are reviewed below.
Photodetectors. Incident photons with energies exceeding the semiconducting bandgap create bound electron-hole pairs (that is, excitons) or free carriers depending on the exciton binding energy. Separated free carriers that are collected at the electrodes lead to detectable photocurrents. Two main categories of semiconductorbased photodetectors are phototransistors and photodiodes 26 . Phototransistors are FETs with a photoactive channel that rely on the increase or decrease in channel conductivity upon illumination. Their sensitivity can be tuned by orders of magnitude by depleting or accumulating the channel using a gate electrode, while 
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their response time is limited by the carrier mobility and channel dimensions. Likewise, the responsivity (electrons out per photon in, in units of A W -1 ) of a phototransistor can be amplified on application of a drain bias.
In atomically thin semiconductors, the total photocarrier generation efficacy is limited by the level of optical absorption. Conventional graphene phototransistors have relatively poor responsivity (~10 -2 A W -1 ) 81 owing to weak optical absorption. However, heterojunction phototransistors in which the graphene FET is sensitized with another semiconductor can overcome this limitation. This approach was first adopted using semi conducting quantum dots as sensitizers in graphene FETs 32 ; quantum-dot optical absorption leads to photoexcited charge carriers with the holes transferred into the graphene (Fig. 6a) and then efficiently collected from the graphene FET channel because of high carrier mobilities, ultimately affording responsivities exceeding 10 7 A W -1 . This responsivity can be tuned by seven orders of magnitude as a function of the applied gate voltage, while the spectral response is controllable by varying the quantum dot size 32, 82 or by using another sensitizer such as small organic molecules 83 . The same approach in an all-2D hetero structure uses 2D MoS 2 as the sensitizer. However, the total optical absorption and spectral selectivity are limited by the ultrathin nature and availability of 2D sensitizers 84 . Phototransistors based on TMDCs as the base channel material have also been demonstrated, where the primary benefit is the exponential tunability of the channel conductance and, consequently, of the photoresponse. The use of organic smallmolecule sensitizers can increase the limited optical absorption, yielding significant enhancements in responsivity even for monolayer TMDC channels 85, 86 . 
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Phototransistors based on the heterostructure cases discussed above are inherently slow in temporal response (10 1 to 10 -6 s) owing to limitations in FET channel mobility or the rate of charge transfer from the sensitizer to the channel. Photodiodes can overcome this issue, because the excited photocarriers are accelerated out of the junction depletion region by the built-in electric field, resulting in high-frequency operation (up to ~100 GHz, translating to a response time of ~10 -11 s) suitable for optical communications. In contrast, the maximum photodiode responsivity is typically limited to 1 A W -1 . Photodiodes are usually operated in the reverse bias mode as this allows efficient extraction of the photoexcited carriers owing to the larger electric field at the junction. In some cases, however, where the dark (leakage) current under reverse bias is high, photodiodes can be operated under zero bias (photovoltaic) mode to maximize signal to noise ratio.
Schottky diodes between graphene and crystalline bulk semiconductors were the first to be investigated for high-speed photodetection; early demonstrations 87 of graphene-Si Schottky diodes exhibited response times of 3-5 ms, which was subsequently decreased to ~23 μs in graphene-Ge diodes 88 . The ideality factor (how closely it follows the ideal diode equation), response time and detectivity of a Schottky photodiode strongly depends on the interface and graphene quality [89] [90] [91] , while the spectral selectivity of graphene-semiconductor Schottky diode photodetectors is determined by the semiconductor bandgap. Heterojunction photodiodes have been demonstrated with a broad range of spectral selectivity ranging from ultraviolet using ZnO nanowires 92 to visible frequencies with cadmium chalcogenide nanowires/nanobelts 93 and Si quantum dots 94 to near-infrared using InAs nanowires 95 . Photodiodes based on p-n heterojunctions have likewise been developed and evaluated. For example, atomically thin TMDCs have been used as the n-type layer with amorphous silicon 96 , organic small molecules 97 and SWCNT films 34 as the p-type layers. SWCNT-MoS 2 p-n heterojunction photodetectors show concurrent spectral response in the visible and near-infrared with an instrumentally limited response time of 15 μs (Fig. 6b) 
34
. Electronically coupled mixed-dimensional vdW hetero junctions often lead to greater optical absorption or photoexcited carrier separation than their all-2D counterparts. To achieve the higher optical absorption, light can be directed in-plane to the 2D material using optical waveguides 98 or Fabry-Perot microcavities 99 where the interaction is enhanced by multiple light passes through the 2D layer. Specifically, Si waveguides coupled to graphene photo transistors have been used to achieve high-frequency broadband optical modulators 100 and high-speed photodetectors 101, 102 . Optical modulators have similarly been demonstrated 100 with modulation frequencies exceeding 1 GHz for a broadband spectrum of 1.35-1.6 μm. Likewise, graphene phototransistors coupled with Si waveguides have yielded broadband responsivities in excess of 10 mA W -1 at zero bias (Fig. 6d ) and cut-off frequencies >10 GHz (Fig. 6d  inset) 
102
. The cut-off frequency, generally limited by mobility and parasitic capacitance, can be further enhanced to 40 GHz using graphene encapsulated with h-BN (ref. 103) . Silicon waveguides have also been used in graphene-Si Schottky junction photodiodes to increase the responsivity 104 .
Photovoltaics. Among mixed-dimensional vdW heterostructures, graphene-Si heterojunctions have been the most heavily investigated for photovoltaics thus far. The earliest devices were fabricated by etching a window in thermally grown SiO 2 on Si, followed by graphene transfer (schematic in Fig. 7a) , with power conversion efficiencies (PCEs) of ~2% (ref. 105 ). Later-generation devices involved careful silicon passivation 106 , antireflective coatings 107 and chemical doping of graphene 108 to maximize the work function difference and carrier collection efficiencies, which increased the PCE to ~8%. Since the photovoltaic performance of these planar 2D-3D heterojunction devices is limited by the graphene-Si contact area, Si micropillar arrays have been integrated with graphene to improve carrier collection (Fig. 7b) and PCE 109 . Maximizing PCE above 10% requires concurrent optimization of several parameters including doping profiles 110, 111 , electron and hole transport layers 110, 112 , light-trapping strategies 109, 111 , graphene layer number 109 and surface passivation 110, 113 . The atomically thin nature of graphene also allows tuning of the doping profile with a gate electrode. Specifically, gate-tunable Schottky junction solar cells have been demonstrated in GaAs (ref. 114 ) and zinc phosphide 115 heterojunctions with graphene, with the highest PCEs reported exceeding 18% (ref. 114) . A variety of other low-dimensional inorganic semiconductors ranging from 1D CdSe nanobelts 116, 117 to 0D CdTe quantum dots 118 have also been integrated with graphene, although the PCEs for these systems remain at or below 3%. Several other studies have explored Schottky junction solar cells based on graphene and other semiconductors, as discussed in a recent review 119 . In addition to Schottky junctions, mixed-dimensional vdW hetero structures have been incorporated into p-n junction solar cells. Early reports combined micromechanically exfoliated n-type MoS 2 flakes with passivated p-type Si (ref. 120), whereas later designs used large-area CVD-grown MoS 2 , yielding PCEs of ~5% with opencircuit voltages of ~0.4 V (Fig. 7c) 
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. The performance was further increased using direct bandgap GaAs and monolayer h-BN as an interfacial layer. In particular, an optimized PCE exceeding 9% was achieved in a GaAs/h-BN/MoS 2 device, where the MoS 2 was depleted with an electrolytic gate 122 . Since MoS 2 is typically n-type, integrating it with p-type small molecules also results in p-n heterojunction diodes with photovoltaic characteristics 69, 70 . A recent demonstration 69 of a photovoltaic effect in a p-pentacene/n-MoS 2 device in a lateral, gate-tunable geometry (Fig. 7d) revealed the potential for open-circuit voltages greater than 0.5 V; this work further suggests the potential of MoS 2 as an alternative acceptor in bulk heterojunction photovoltaics. Integrating photonic architectures 123 and waveguides 124 for light-trapping also holds promise for enhancing optical absorption in a layered heterojunction geometry.
Light-emitting devices. When a photovoltaic cell is operated under forward bias, electrically injected electrons and holes can radiatively recombine in the semiconductor to emit light. As the emission intensity is typically orders of magnitude higher in the case of directbandgap semiconductors than for indirect-bandgap ones 26 , monolayer TMDCs that fall in the direct-bandgap category are suitable for light-emitting applications 125, 126 , with several recent reports demonstrating light emission from all-2D TMDC heterostructures 127, 128 . Here, we discuss efforts to integrate 2D materials with bulk 3D semiconductors in light-emitting devices. Early efforts using p-Si/n-MoS 2 heterojunctions as discussed above 120 , when operated under forward bias, resulted in light emission due to injected holes recombining with electrons in MoS 2 (Fig. 8a) . The electroluminescence spectrum closely resembles that of photoluminescence, suggesting that the emitted light is due to exciton recombination in MoS 2 (ref. 129) . Besides p-Si, efforts have also been made to integrate MoS 2 with p- GaN (ref. 130) . Since GaN is a wide-bandgap blue-emitting material, its integration with the comparatively smaller-bandgap, red-emitting MoS 2 results in a broadband emission LED; using an insulating alumina barrier between the GaN and MoS 2 minimizes carrier diffusion and increases emission efficiency 130 . Integrating 2D materials in non-emitting LED elements also results in significant performance enhancement. For example, graphene and h-BN have been used as buffer and seeding layers, respectively, for optimized growth of the emitting-layer in GaN LEDs 37, 38 . The resulting high-quality GaN films serve as the substrate for the growth and fabrication of LEDs with multiple quantum wells made of indium gallium nitride (InGaN) (Fig. 8b) . Unlike the conventional sapphire substrates for epitaxial GaN growth,
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ultrathin graphene and h-BN interlayers allow subsequent transfer of the fully fabricated LEDs to arbitrary substrates (Fig. 8b,c) 37, 38 . The same approach has been adopted to grow vertically aligned arrays of core-shell ZnO-GaN nanowires on graphene, which are then used as a 1D template for epitaxial growth of InGaN MQW nanowire LEDs on flexible substrates 131 . Graphene also helps to promote carrier injection in LEDs; specifically, the interface of a 1D nanowire with 2D graphene provides a hot spot for current injection and radiative recombination as demonstrated in control nanowiregraphene heterojunction devices 132 . This concept has also been extended to organic LEDs (OLEDs). Of particular note is the use of highly doped, low-sheet-resistance CVD graphene as the anode in flexible white OLEDs 133 , which outperform indium tin oxide anodes in current efficiency. A graphene interlayer between a GaN LED and the sapphire substrate further helps reduce the thermal boundary resistance, providing improved heat dissipation (Fig. 8d) 
134
. Efforts to design light-emitting devices with semi conducting TMDCs as the principal light-emitting element have been confounded by the low quantum efficiency in these 2D materials (~10 -5 ), which has been attributed to surface states and point defects. Recent work has shown, however, that surface passivation methods can greatly improve the quantum efficiency 135 . In parallel, considerable effort is currently being expended to improve their crystal quality, identify alternative 2D materials with intrinsically higher quantum efficiencies (for example layered perovskites 136 ), and develop innovative device designs that maximize radiative recombination in monolayer materials.
Summary and outlook
From the early studies of 2D materials for electronic and optoelectronic applications, it has been clear that integration with other materials and controlling the resulting interfaces would be a challenge for technologically relevant applications. In particular, currently demonstrated all-2D vdW heterostructure devices suffer from performance limitations and/or cost disadvantages when compared with pre-existing conventional approaches. Therefore, in the near term, complementing existing semiconductor technologies (such as bulk Si and III-V materials, organics, nanowires/nanotubes, quantum dots and amorphous oxides) with 2D materials appears to be the most promising strategy. In this regard, mixeddimensional vdW heterojunctions have shown considerable early promise, although several questions remain unresolved.
For logic devices, although much effort has been devoted to proof-of-concept mixed-dimensional vdW heterostructure devices at low frequencies, there is limited compelling experimental information on the high-frequency performance of vertical heterojunctions. Given their ultrashort channel lengths, cut-off frequencies are predicted to be in the terahertz range; issues related to material quality, leakage currents and device layout have prevented the full realization of this high-speed potential. For similar reasons, efforts to achieve higher levels of vertical integration have also encountered limited success. Improvements in assembly and interfacial control are thus likely to lead to significantly more complex gate-tunable electronic systems that involve multilayer and multiterminal vdW heterostructure devices.
For mixed-dimensional vdW heterostructure photodetectors and photovoltaics, considerable progress has been made in integrating graphene with Si and other low-dimensional semi conductors. For photodetectors and photovoltaics that use 2D TMDCs as the optoelectronically active element, the combination of nanophotonic and light-trapping elements with mixed-dimensional vdW p-n hetero junctions will contribute to enhancing the optical absorption of the atomically thin films. This approach will not only maximize the generation of photoexcited carriers but will also allow efficient and fast collection, thus improving the response time for photo detectors and the power conversion efficiency for photovoltaics. But there are underlying trade-offs between maximizing absorption and minimizing thickness for efficient carrier collection as well as minimizing direct tunnelling between cathode and anode. Particular attention must therefore be given to the carrier collection geo metry; while the light-trapping design must be insensitive to incident angles, the carrier collection for ultrathin hetero structures must be in-plane to maximize shunt resistances and enhance opencircuit voltages. Conversely, for thicker heterostructures, out-ofplane carrier collection is more efficient without compromising shunt resistance and open-circuit voltage. Typical light-trapping designs in thin films involve cladding with high-index media to confine more modes in the active region 137 . Combining optical elements of large-bandgap, high-index 3D semiconductors (such as GaN, AlGaN and ZnO) with 2D TMDCs would present an effective approach in such designs. Likewise, heterostructuring with photonic crystals or dielectric Bragg mirrors made from large-bandgap, high-index semiconductors is also likely to prove effective at light trapping in 2D semiconductors with bandgaps in the visible portion of the electro magnetic spectrum.
Similarly, efforts towards efficient light-emitting mixeddimensional vdW heterostructure devices will require innovative device designs to maximize radiative recombination within the monolayer semiconductor. Towards this end, advances in surface passivation and encapsulation to minimize non-radiative recombination are the necessary first steps 135 . Unlike photovoltaic cells and photodetectors, light-emitting devices will require active-layer architectures that maximize the interaction of minority carriers. In monolayer-thick heterointerfaces, this requirement is particularly challenging when the carrier transport is out-of-plane, because a large proportion of minority carriers will pass through the semiconductors and be collected at the metal electrode. A promising strategy is to have a 1D lattice of repeating heterojunction stacks akin to MQW structures 128 . Injecting one carrier type out-of-plane and the other carrier type in-plane will also increase minority carrier interaction in the active layers. Coupling such architectures to optical cavities will lead to more advanced light sources such as electrically pumped lasers. Recent developments on optically pumped control of spontaneous and stimulated emission from monolayer TMDCs in photonic crystal cavity and microdisk resonator heterostructures 138, 139 are promising steps in this direction. Large-area integration of 2D materials with materials of other dimensionality is likely to have a sizable impact on semiconductor technologies. Although reliable heterostructures have been demonstrated from micrometre-scale mechanically exfoliated samples, efforts to synthesize 2D materials reproducibly at the wafer-scale are still in their infancy. Furthermore, as opposed to conventional semiconductor technology, most device types discussed above have <5-nm interface thickness, which implies that single-crystalline film quality and thickness uniformity with minimal cracks, voids, wrinkles, ripples and other contaminants are critical. While this goal has been difficult to achieve, the primary source of defects, contaminants and inhomogeneity lies in the 
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post-synthesis transfer of 2D materials from the growth substrate onto target substrates. Therefore, direct synthesis of high-quality 2D materials on insulating substrates should be a high priority, with progress recently being made, particularly for 2D chalcogenides 140 . Overall, the vast integration possibilities presented by mixed-dimensional vdW heterostructures suggest considerable future growth potential for this field in both fundamental studies and applied technologies.
